The heating of the low solar chromosphere by the shock dissipation of weak hydromagnetic waves was estimated by Osterbrock, who used the van de Hulst model for the low chromosphere. A feature of this model is values for the density scale heights of the order of 200 km. More recent models have scale heights with values generally less than this. When one repeats the solution of Osterbrock's equations for these new models in the case of negligible magnetic fields (of the order of 1 gauss), the resulting shock strength grows so rapidly that the range of applicability of the weak-shock theory is extremely limited. In the case of stronger magnetic fields, other complications arise and the problem cannot be treated in this simple way. The results tend to support the picture of a very rapid transition from the low chromosphere to the corona in regions of weak magnetic-field strength.
It was shown by Osterbrock (1961) that shock dissipation of weak hydromagnetic waves might produce the right order of mechanical energy to balance net radiative losses from the solar chromosphere. The van de Hulst (1953) model of the chromosphere was used by Osterbrock both to estimate the radiative losses and to perform the shockheating calculations. More recent estimates of these net radiative losses by Athay (1966) and Jordan (1969) do not, in themselves, contradict Osterbrock's conclusion. However, more recent models of the low chromosphere differ markedly from the earlier van de Hulst model in that the density scale heights obtained from the recent models are significantly smaller. See, for example, the non-LTE model given by Thomas and Athay (1961) , which is referred to as the PSC model, and the LTE model given by Gingerich and de Jager (1968) , called the BCA model. Since the growth in strength of a shock wave propagating through an inhomogeneous gas is accelerated by decreasing the density scale height, the possibility arises that the weak-shock approximation, which Osterbrock claims is valid for the low chromosphere of the van de Hulst model, might not be valid over a significant height range for the more recent models. The calculations reported here show this to be the case where the magnetic field is weak (of the order of 1 gauss).
It is particularly simple to illustrate this by considering the case where the magnetic field B is zero. Osterbrock's calculations show that magnetic fields of the order of 1 gauss produce a negligible effect on the propagation and dissipation in the low chromosphere and so can be treated by the zero-field approximation. However, the linear-propagation theory, used by Osterbrock to treat the refraction of the waves, was shown by Pikel'ner and Lifshitz (1964) to be invalid for the case of significant magnetic fields {B > 10 gauss) in the chromosphere. Hence, the propagation and dissipation of fast hydromagnetic shocks in the chromosphere cannot be treated quantitatively by the method of Osterbrock if the magnetic fields are large.
The differential equation for the flux of mechanical energy for the 2? = 0 case can be written in a form due to Osterbrock, which is
where qi(h) and are given by expressions (2) and (3), which follow. The parameter rj, called the shock strejigth, is defined as the (mass) density jump across the shock front NOTES dividend by the density in front of the shock. Equation (1) is invalid for f¡ > 1.0 and will probably yield qualitatively reliable solutions only for values of rj less than 0.5 at the most, as a careful study of the derivation by Osterbrock reveals. The condition that fj be small compared with unity is called the weak-shock assumption. The quantities qi(h) and # 2 (&) are given by the expressions
for the case Z? = 0, with Osterbrock's notation, where t 0 is a characteristic time for the passage of a single shock and T is the period, corresponding to the frequency (which Osterbrock calls v 0 ) for the passage of many shocks through a point in the gas. The differences between these expressions and those given by Osterbrock (expressions [72] and [73] in his paper) are all accounted for by the fact that these expressions correspond to 5 = 0. The factors of V3 arise from assuming uniform propagation in all upward directions describing a hemisphere above the (h = 0)-plane. Equation (1) is solved by obtaining a density and temperature model for the gas through which the shock wave propagates and by taking a boundary value for the shock strength at the starting point for the calculations. The solutions given here are for the low chromospheric region 0 < h < 1500 km. Three chromospheric models are used: the PSC, the EGA, and the van de Hulst. The relevant parameters of these models are given in Table 1 . The pressures and temperatures for the EGA and van de Hulst models appear in the sources referenced. There is an unexpected decrease in the density scale height between 853 and 953 km in the EGA model and between 750 and 1000 km in the van de Hulst model, probably because the published pressures at some height are in error, but this does not affect the generaf results and conclusions reported here. The pressures for the PSC model were calculated from the neutral-hydrogen density »i, the electron density n e , and the temperatiire T by using P ^nJlA + (n e /ni)\kT,
which assumes a number abundance ratio of helium to hydrogen of 0.1. The density scale height H can be calculated from the pressure and temperature values in the table by using H = AÄi^/ln [(P 1 r 2 /P 2 r 1 )
where AÄi, 2 is the height interval between points 1 and 2 (point 1 lying radially below point 2) and n is the mean molecular weight. The further approximation mi -M2 is used. The error involved in neglecting the variation in p, most important where hydrogen ionization begins, is negligible in all but the outermost heights of the PSC and EGA models. Three different boundary values are chosen for the shock-strength parameter fj at A = 0. They correspond to different values for the initial flux of mechanical energy, and range from 0.10 to 0.32. Osterbrock estimated that a minimum boundary value of rj(0) = 0.32 will be necessary to insure a fully developed shock wave. Below 1 the minimum value for 7?(0), the shock strength will grow more slowly with height, until the crest of the wave catches up with the trough. Thus, the two smaller boundary values used here for rj yield only an upper limit on rj(h).
Equation (1) can be solved directly by numerical integration, which Osterbrock did, or by transforming it into an explicit expression for 97(A), as was done by PikePner and Lifshitz. Following this latter approach yields 
and the integral / is given by I = f^P-m T -z¡^d h .
The results of the calculation are given in Table 2 . Since the BCA results exhibit the same trends in r¡(h) as those for the PSC model (to an even more extreme degree because the BCA scale heights are smaller), only the results from the PSC and van de Hulst models are shown, along with Osterbrock's results, which are given for the special cases indicated. The differences between Osterbrock's results and those from this article are due to the consistent use throughout this calculation of 7 = § and mean molecular weight /¿ = 1. The differences between Osterbrock's results and the ones he would have obtained for 5 = 0 are negligible, as the difference between his results for B = 0.5 gauss and 5 = 2 gauss illustrates. This is because, for h < 1500 km in the van de Hulst model used by Osterbrock, the fast-mode velocity does not exceed the initial velocity F 0 . The results show that, when magnetic-field strengths do not appreciably exceed 1 gauss, the neglect of these fields will not affect the qualitative features of the results, though the smaller densities at heights above 1000 km will somewhat influence the numerical values of rf(h) for the PSC and BCA models.
Included in Table 2 are values of the time-averaged initial flux 5 m o of mechanical energy carried by the shock waves. By using the Osterbrock expression, which is adapted from Bazer and Ericson (1959) , with 7 = § and m = the expression for becomes F m , = 1.13 X lOWWO^'HOMO) .
The values for this initial flux range from 7.73 X 10 5 through 1.49 X 10 8 ergs cm~2 sec -1
and span the extreme range of net radiative losses discussed in the forenamed references. For a given model of pressure and temperature distributions, the different values of F m o represent differences both in the initial shock strength 97(0) and in the ratio of the shock "relaxation time" to the period for passage of shocks. There are two main points to make in discussing these results. First, the shock strength ri(h) grows very rapidly with height for the PSC and the BCA models, so that, for heights above about 500 km, the weak-shock theory becomes invalid in regions of small magnetic-field strength. This is definitely a density effect and not a temperature effect. This was demonstrated by redoing the calculations for the same density models of the low chromosphere with a constant temperature T = 4600° K. The results were very insensitive to the change in temperature.
On the basis of these calculations, there appears to be only a very limited region of the low chromosphere where the weak-shock theory can be applied, if the lower values for the density scale height of these two models are correct.
Indeed, even the van de Hulst model with larger scale heights may not be amenable to treatment by the weak-shock theory. Osterbrock chose for the parameter /o the value 10 sec. This corresponds roughly to a ratio of the relaxation time of the shocked gas (given approximately by / 0 ) to the period T for the (assumed) periodic passage of shock waves of f, if one uses Osterbrock's J 1 = 83 sec. A better choice for the period would probably be T = 300 sec, in the light of studies of the oscillatory velocity fields made since Osterbrock published his work. If the same ratio of relaxation time to period for passage of shocks is preserved, based on studies of expected waveforms reviewed by Osterbrock, then we should use a value of ¿0 more like / 0 = 30 sec. Doing this renders the weak-shock theory invalid over much of even the lower part of the van de Hulst model for the low chromosphere, particularly for the most probable value of the shock strength 97 on the boundary, namely, 97(0) = 0.32. 
NOTES
Second, the results tend to support the picture of a very rapid transition from the low chromosphere to the corona in low-magnetic-field, interspicular regions. This kind of model is supported by many observations and is discussed in detail in Zirin (1966) and other sources. These calculations support this picture by showing that a very large amount of energy could be delivered to the chromosphere over a very small height range, due to the very rapid growth of the shock strength.
To determine whether this picture is correct, much additional work is still needed. In particular, magnetic-field measurements of high spatial resolution (hopefully, 1''0) are needed in the interspicular component of the "undisturbed" solar atmosphere at the chromospheric, as well as the photospheric, level. Only then can we (1) determine where in the chromosphere the results of the calculations reported here can be applied in detail and (2) perform detailed studies of how the magnetic field can influence the transfer, through conduction, of the mechanical energy deposited by shock dissipation.
A final, general comment is in order. Two independent, recently reported series of studies have considerable bearing on this study, and they should be mentioned. The first series, by Stein (1967 Stein ( , 1968 , considers the problem of determining the upward flux in both acoustic and gravity waves generated in the convection zone and the stable layers of the photosphere, respectively. Stein concludes that most of the acoustic energy output is of frequencies several octaves about the critical frequency, which thus ensures that these waves can propagate through the temperature minimum region and, hence, dissipate their energy in the chromosphere. If this is true, the serious problem that much of the acoustic radiation might not get through the temperature trough has been solved, and the probable importance of shock dissipation of acoustic waves has been further enhanced. In addition, Stein concludes that a large gravity-wave flux may be produced. The second series of studies, due to Lighthill (1967) and Howe (1969) , considers the generation, propagation, and dissipation of gravity-coupled magnetohydrodynamic waves in the solar atmosphere. Their tentative conclusion is that penetrative turbulent convection in the stable photospheric layers can generate gravity waves, which, in regions of strong magnetic fields (B > 30 gauss), may be altered to the extent that the vertical component of vorticity in the turbulent convection "tongues" will propagate along the field lines to produce a propagating torsional oscillation along the magnetic field. The role of gravity waves in heating the outer solar atmosphere, both outside of and within regions of strong magnetic fields, appears to be of considerable importance, and this facet of the heating problem deserves further work, along with the shock dissipation of acoustic and hydromagnetic waves.
